Worldwide, fishways are increasingly criticised for failing to meet conservation goals. We 27 argue that this is largely due to the dominance of diadromous species of the Northern 28
Introduction

105
Fishways must facilitate these processes, which may operate over timescales longer than 106 those traditionally considered within the fishway efficiency framework ( analysis that describes fish passage as a rate per unit time given environmental 129 covariates (e.g. spilling regime, temperature). This is an improvement on the fishway 130 efficiency framework and is applicable to larger-bodied migratory fish suitable for 131 individual tracking using biotelemetry (Silva et concept based on the occurrence of critical habitats on either side of a barrier, suggesting 137 that even a highly 'efficient' fishway may not contribute to supporting population 138
viability. 139 140
Whilst these alternatives represent progress over the fishway efficiency framework, they 141 do not address all reasons why fish need to move (Figure 2 ). In particular, they do not 142 cater for the needs of all fish populations to disperse in order to: (i) recolonise disturbedchange through shifting distributions; and (iii) adapt through exchanging genetic 145 information. Furthermore, they do not provide any quantitative mechanisms for setting 146 targets against which the effectiveness of a fishway, in terms of its ability to support 147 viable populations, can be evaluated. To address these gaps, we suggest the application of 148 modelling frameworks based on: (i) metapopulation theory; (ii) species distributions and 149 fish dispersal; and (iii) demo-genetics. Below, we identify recent advances in each of 150 these areas and recommend approaches to specifying 'dispersal targets', i.e. the minimum 151 number of individuals, as a function of population size, that fishways should pass in 152 upstream and downstream directions to support population viability. We suggest that 153 these targets are more realistic than the 90-100% typically targeted for migratory 154 species with critical habitats clearly separated by barriers. We use the term 'realistic' 155 because the targets are based on real ecological processes rather than a weak assumption 156 that all fish must pass the barrier. 157
158
These modelling approaches may be applied to both 'non-migratory' and migratory 159 species. However, in the latter case, the application must acknowledge that migratory 160 species may require access to critical habitats found exclusively on either side of the 161 barrier (Pompeu et al., 2012). As well as a minimum dispersal target, an upper limit may 162 also be of interest, since demographic models of potamodromous fish suggest negative 163 effects of highly 'efficient' fishways (Silva et al., 2017) . In particular situations where 164 upstream passage is favoured over downstream passage and there is a lack of suitable 165 habitat upstream (Pompeu et al., 2012), overall fishway efficiencies of more than 10-30% 166 have the potential to create damaging ecological sink behaviour (Pelicice & Agostinho, 167 2008; Silva et al., 2017 ). This risk is greater for high-head structures that are less likely toof water, thereby causing more drastic changes to habitat availability upstream. 170 work in metapopulation theory relied on patch occupancy models (Levins, 1969) , Under this 'graph theory' approach the river network is reduced to a series of 'nodes' 212 (habitat patches containing subpopulations) and 'edges' (dispersal links between nodes), 213 allowing the strength and direction of relationships between nodes to be represented 214 (Webb & Padgham, 2013) . The main benefit of this method is the ability to calculate 215 summary statistics that define levels of connectedness for individual nodes and the entire 216 network. For example, by parameterising the graph using alternative dispersaleach node (subpopulation i) in the network may be calculated as: 219
where sii is abundance of subpopulation i, and sj ®i is the number of fish emigrating from 221 subpopulation j to subpopulation i (Schick & Lindley, 2007) . By comparing I among 222 different scenarios of connectivity (sj ®i ), the impact of a fishway permitting passage of a 223
given number of fish on node independence (or 1-I, isolation) can be predicted. 224
225
The graph theoretical approach is conceptually simple in its application to dendritic 226 networks but data intensive, requiring estimates of subpopulation abundances and 227 baseline data on dispersal to compute the summary statistics. The latter could be 228 estimated from stable isotope or genetic analyses, or predicted using existing fish 229 dispersal models (Radinger et al., 2014; see below) if no direct empirical assessment is 230 possible. Alternatively, modelling may be exploratory, for example focusing on the 231 uncertainty of patch-level dispersal probabilities in order to assess the sensitivity of 232 predictions (Fullerton et al., 2016) . Graph theoretical models do not give explicit 233 information on subpopulation viability, although more isolated subpopulations (i.e. with 234 lower I) are expected to be at higher risk of local extinction, particularly if they are 235 already small (Figure 3b ). An appropriate target, therefore, would be to preserve 236 dispersal at a level that maintains the pre-barrier values of patch-or network-scale 237
connectivity. 238
Species distribution and fish dispersal 240 In particular, the species-specific dispersal compensation index (Hdispersal:gain) is a useful 272 quantity that describes the proportion of new habitat that can be reached through 273 dispersal over a given time frame. Dispersal targets to support viable populations under 274 climate change may be set by running the model for different values of barrier passability 275 and focusing on a value that approaches a maximal Hdispersal:gain. 276 277
Demo-genetics 278 279
Whilst SDMs hold promise as the basis for setting dispersal targets in contexts where 280 climate change is predicted to drive shifts into presently unoccupied habitats (Figure 3c) , 281 a different approach is required to support genotype selection for in situ adaptation of 282 subpopulations (Figure 3d ). It has long been known that barriers affect genetic variation 283 within river networks, with isolated subpopulations found to suffer reduced genetic 284 diversity, leading to genetic drift and loss of adaptive capacity (Wofford et al., 2005 ; 285
Raeymaekers et al., 2008
). This knowledge has provided the basis for demo-genetic 286 modelling to set targets for population translocation, whilst controlling for outbreeding 287 depression in the recipient subpopulation (e.g. Pavlova et al., 2017) . As yet, however, the 288 obvious application to setting targets for fishways has not been made. Below we outline a 289 modelling procedure suitable for application to this problem. 290 australasica, an endangered freshwater fish endemic to Australia. The species is 293 threatened by range contraction and fragmentation in a landscape undergoing severe 294 climate change. Thus, the example is highly analogous to the situation hypothesised in 295 Figure 3d , whereby a barrier blocks gene flow between two or more populations that 296 were previously connected via dispersal. In the modelling procedure, the outcomes of 297 management scenarios (e.g. number of individuals passing a fishway) are simulated using 298 found that the probability of extinction in the smallest populations could be maintained 307 at or near zero for 100 years, a substantial improvement on a 'do-nothing' scenario. for different life-stages may only be accessed by traversing the barrier. Depending on the 335 location of the barrier, this is likely to be the case for diadromous fish and some 336 potamodromous populations. Consistent with our other recommendations, the 337 population-level impacts of failing to achieve full fish passage in these circumstances 338 should be assessed to determine whether 100% passage is truly necessary for long-term rare, yet important dispersal events in 'non-migratory' species would be infeasible for 385 large populations. Furthermore, some species and life-stages may be too small, too 386 sensitive to handling or have unsuitable body morphologies to receive implanted tags 387 without significant effects on growth, mortality and swimming performance, leading to 388 bias in estimates of fishway effectiveness from tagged fish (e.g. Murchie et al., 2004 ; 389 beyond the scope of this review, we do encourage readers to consult the original sources 393 cited in Table 1 . 394
395
Conclusions 396 397
Freshwater fish populations exhibit a wide range of life histories, swimming abilities and 398 spatial ecologies. Despite this knowledge, the science and management of fishways has 399 almost exclusively been dominated by concepts and methods well-suited to only a small 400 fraction of species. For these few iconic species, whose critical habitats are clearly 401 separated in space, the problem of passing fish at a barrier can be reduced to a set of 402 simple metrics based on the assumption that 100% of the population must annually pass 403 the barrier to reach critical spawning or feeding habitats on the other side. Yet a 404
proportion of individuals of all fish populations must undertake movements of some 405 magnitude to maintain population viability through the exchange of individuals and the 406 genetic information they carry. These are 'slower' and less obvious processes than 407 traditionally considered in fish passage research, so it seems understandable that they 408 are only now being considered in greater detail. • Attraction efficiency (%)
• Entrance efficiency (%)
• Passage efficiency (%)
• Guidance efficiency (%)
• Delay (hh:mm)
• 
How many individuals must pass to support viable subpopulations?
How many individuals must pass to support distribution shifts?
How many individuals must pass to support in-situ adaptation?
Use the dispersal target framework for monitoring ( e located at dams where the migratory species are found uation C). Although a device t could represent a chance to y species accidentally carried downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach.
Among the studied fish passes, only the trap and truck system at Santa Clara represents the condition where migratory species spawn upstream and rear downstream of the dam. (situation D). This is the only case study where maintenance of connectivity between areas upstream and downstream is crucial for maintaining migratory species populations. The situation at the Funil fish lift is very similar, although spawning sites may also be found downstream (situation E). In both situations, the fish pass is appropriate if upstream migration is equivalent to downstream fish movement. If the descendent migration does not happen, the pass loses its value to recruitment conservation. In this case, alternative measures are more appropriate (e.g. rehabilitation of spawning habitats downstream and development areas upstream). Therefore, if there is high selectiveness, management may be difficult and expensive. A dam that fragments or separates spawning and development areas causes severe impacts, especially when it creates a huge reservoir. To avoid this situation, the distribution of critical habitats should be thoroughly evaluated during the inventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this case, where there are no lotic reaches downstream or , which justifies performing stock-strength evaluations. However, the efficiency of passage upstream was not evaluated in any of the cases and effective downstream movements of adults, eggs and larvae seem improbable in all reservoirs where this aspect was evaluated (Table I) . Some fish passes were installed immediately downstream of other dams. In this case, the conditions for reproduction and recruitment are found only further downstream (situation B). Passes operating in these conditions may function as ecologic traps (Pelicice and Agostinho, 2008), because they remove the fish from healthy environments and transport them to sites with no critical habitats. The Igarapava ladder has been justified by the maintenance of fish stocks in the reservoir for fishing (artificial stocking), functioning as a source-sink system (Godinho and Kynard, 2009). The implementation of a pass in this case would not help the recruitment dynamics, because the fish are transported to areas of lower environmental quality. If any purpose different from the conservation of natural stocks justifies the construction of a mechanism, fish passage must be controlled and rigorously monitored.
No studied fish passes were located at dams where the conditions for recruitment of migratory species are found only upstream of the dam (situation C). Although a device in this case is not necessary, it could represent a chance to downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this , which justifies performing stock-strength evaluations. However, the efficiency of passage upstream was not evaluated in any of the cases and effective downstream movements of adults, eggs and larvae seem improbable in all reservoirs where this aspect was evaluated (Table I) . Some fish passes were installed immediately downstream of other dams. In this case, the conditions for reproduction and recruitment are found only further downstream (situation B). Passes operating in these conditions may function as ecologic traps (Pelicice and Agostinho, 2008), because they remove the fish from healthy environments and transport them to sites with no critical habitats. The Igarapava ladder has been justified by the maintenance of fish stocks in the reservoir for fishing (artificial stocking), functioning as a source-sink system (Godinho and Kynard, 2009). The implementation of a pass in this case would not help the recruitment dynamics, because the fish are transported to areas of lower environmental quality. If any purpose different from the conservation of natural stocks justifies the construction of a mechanism, fish passage must be controlled and rigorously monitored.
No studied fish passes were located at dams where the conditions for recruitment of migratory species are found only upstream of the dam (situation C). Although a device in this case is not necessary, it could represent a chance to return individuals of migratory species accidentally carried downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this case, where there are no lotic reaches downstream or , which justifies rming stock-strength evaluations. However, the effiy of passage upstream was not evaluated in any of ases and effective downstream movements of adults, and larvae seem improbable in all reservoirs where this ct was evaluated (Table I) . me fish passes were installed immediately downm of other dams. In this case, the conditions for duction and recruitment are found only further downm (situation B). Passes operating in these conditions function as ecologic traps (Pelicice and Agostinho, ), because they remove the fish from healthy environts and transport them to sites with no critical habitats. Igarapava ladder has been justified by the maintenance h stocks in the reservoir for fishing (artificial stocking), tioning as a source-sink system (Godinho and Kynard, ). The implementation of a pass in this case would help the recruitment dynamics, because the fish are ported to areas of lower environmental quality. If any ose different from the conservation of natural stocks fies the construction of a mechanism, fish passage must ontrolled and rigorously monitored. o studied fish passes were located at dams where the itions for recruitment of migratory species are found upstream of the dam (situation C). Although a device is case is not necessary, it could represent a chance to n individuals of migratory species accidentally carried downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach. Among the studied fish passes, only the trap and truck system at Santa Clara represents the condition where migratory species spawn upstream and rear downstream of the dam. (situation D). This is the only case study where maintenance of connectivity between areas upstream and downstream is crucial for maintaining migratory species populations. The situation at the Funil fish lift is very similar, although spawning sites may also be found downstream (situation E). In both situations, the fish pass is appropriate if upstream migration is equivalent to downstream fish movement. If the descendent migration does not happen, the pass loses its value to recruitment conservation. In this case, alternative measures are more appropriate (e.g. rehabilitation of spawning habitats downstream and development areas upstream). Therefore, if there is high selectiveness, management may be difficult and expensive. A dam that fragments or separates spawning and development areas causes severe impacts, especially when it creates a huge reservoir. To avoid this situation, the distribution of critical habitats should be thoroughly evaluated during the inventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this case, where there are no lotic reaches downstream or oodplains. Because the populations may become self susining in the long term in both regions, these passes would come questionable or justified only for the maintenance of e genetic flow between the populations. Reduced success downstream movements of fish could result in decreased wnstream fish stocks (Lopes et al., 2007), which justifies rforming stock-strength evaluations. However, the effiency of passage upstream was not evaluated in any of e cases and effective downstream movements of adults, gs and larvae seem improbable in all reservoirs where this pect was evaluated (Table I) . Some fish passes were installed immediately downream of other dams. In this case, the conditions for production and recruitment are found only further downream (situation B). Passes operating in these conditions ay function as ecologic traps (Pelicice and Agostinho, 08), because they remove the fish from healthy environents and transport them to sites with no critical habitats. he Igarapava ladder has been justified by the maintenance fish stocks in the reservoir for fishing (artificial stocking), nctioning as a source-sink system (Godinho and Kynard, 09). The implementation of a pass in this case would t help the recruitment dynamics, because the fish are ansported to areas of lower environmental quality. If any rpose different from the conservation of natural stocks stifies the construction of a mechanism, fish passage must controlled and rigorously monitored.
No studied fish passes were located at dams where the nditions for recruitment of migratory species are found ly upstream of the dam (situation C). Although a device this case is not necessary, it could represent a chance to downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach. Among the studied fish passes, only the trap and truck system at Santa Clara represents the condition where migratory species spawn upstream and rear downstream of the dam. (situation D). This is the only case study where maintenance of connectivity between areas upstream and downstream is crucial for maintaining migratory species populations. The situation at the Funil fish lift is very similar, although spawning sites may also be found downstream (situation E). In both situations, the fish pass is appropriate if upstream migration is equivalent to downstream fish movement. If the descendent migration does not happen, the pass loses its value to recruitment conservation. In this case, alternative measures are more appropriate (e.g. rehabilitation of spawning habitats downstream and development areas upstream). Therefore, if there is high selectiveness, management may be difficult and expensive. A dam that fragments or separates spawning and development areas causes severe impacts, especially when it creates a huge reservoir. To avoid this situation, the distribution of critical habitats should be thoroughly evaluated during the inventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this Among the studied fish passes, only the trap and truck system at Santa Clara represents the condition where migratory species spawn upstream and rear downstream of the dam. (situation D). This is the only case study where maintenance of connectivity between areas upstream and downstream is crucial for maintaining migratory species populations. The situation at the Funil fish lift is very similar, although spawning sites may also be found downstream (situation E). In both situations, the fish pass is appropriate if upstream migration is equivalent to downstream fish movement. If the descendent migration does not happen, the pass loses its value to recruitment conservation. In this case, alternative measures are more appropriate (e.g. rehabilitation of spawning habitats downstream and development areas upstream). Therefore, if there is high selectiveness, management may be difficult and expensive. A dam that fragments or separates spawning and development areas causes severe impacts, especially when it creates a huge reservoir. To avoid this situation, the distribution of critical habitats should be thoroughly evaluated during the inventory of the hydroelectric potential of the reach.
There (Table I) . es were installed immediately downams. In this case, the conditions for cruitment are found only further down-). Passes operating in these conditions cologic traps (Pelicice and Agostinho, remove the fish from healthy environt them to sites with no critical habitats. er has been justified by the maintenance reservoir for fishing (artificial stocking), urce-sink system (Godinho and Kynard, entation of a pass in this case would itment dynamics, because the fish are of lower environmental quality. If any rom the conservation of natural stocks ction of a mechanism, fish passage must gorously monitored. passes were located at dams where the itment of migratory species are found e dam (situation C). Although a device ecessary, it could represent a chance to f migratory species accidentally carried downstream, or imprisoned downstream by the damming, to areas where they could reproduce. The populations of migratory species would not be able to maintain selfsustainable populations downstream of the dam, which means that these species would be more likely to disappear from the reach. Among the studied fish passes, only the trap and truck system at Santa Clara represents the condition where migratory species spawn upstream and rear downstream of the dam. (situation D). This is the only case study where maintenance of connectivity between areas upstream and downstream is crucial for maintaining migratory species populations. The situation at the Funil fish lift is very similar, although spawning sites may also be found downstream (situation E). In both situations, the fish pass is appropriate if upstream migration is equivalent to downstream fish movement. If the descendent migration does not happen, the pass loses its value to recruitment conservation. In this case, alternative measures are more appropriate (e.g. rehabilitation of spawning habitats downstream and development areas upstream). Therefore, if there is high selectiveness, management may be difficult and expensive. A dam that fragments or separates spawning and development areas causes severe impacts, especially when it creates a huge reservoir. To avoid this situation, the distribution of critical habitats should be thoroughly evaluated during the inventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this case, where there are no lotic reaches downstream or floodplains. Because the populations may become self sustaining in the long term in both regions, these passes would become questionable or justified only for the maintenance of the genetic flow between the populations. Reduced success of downstream movements of fish could result in decreased downstream fish stocks (Lopes et al., 2007), which justifies performing stock-strength evaluations. However, the efficiency of passage upstream was not evaluated in any of the cases and effective downstream movements of adults, eggs and larvae seem improbable in all reservoirs where this aspect was evaluated (Table I) . Some fish passes were installed immediately downstream of other dams. In this case, the conditions for reproduction and recruitment are found only further downstream (situation B). Passes operating in these conditions may function as ecologic traps (Pelicice and Agostinho, 2008), because they remove the fish from healthy environments and transport them to sites with no critical habitats. The Igarapava ladder has been justified by the maintenance of fish stocks in the reservoir for fishing (artificial stocking), functioning as a source-sink system (Godinho and Kynard, 2009). The implementation of a pass in this case would not help the recruitment dynamics, because the fish are transported to areas of lower environmental quality. If any purpose different from the conservation of natural stocks justifies the construction of a mechanism, fish passage must be controlled and rigorously monitored.
There are extreme cases where critical habitats are absent downstream and upstream of the dam. This is common in rivers having a series of dams in sequence, such as the large tributaries of the Paraná River. Even in this case, where there are no lotic reaches downstream or Modelling frameworks for quantitative target-setting
